Three drinking water treatment plants (DWTPs) differing in source water and treatment capacity were investigated for the potential passage of waterborne protozoan (oo)cysts through conventional 
INTRODUCTION
It is well known that adequate and fully operational conventional drinking water treatment processes (coagulation, sedimentation, filtration, and disinfection) contribute to the reduction of microbial contaminants of public health concern in raw source water (LeChevalier & Au ). Treatment capacity and operation reliability (i.e., effective coagulation and filtration) are key components of the conventional treatment process that control the passage of waterborne protozoan (oo)cysts to the distribution system (Betancourt & Rose ; WHO ) . These components, including the degree of deterioration in source water quality (i.e., levels of protozoan pathogens in raw source waters), may vary significantly between different locations and even within the same location (WHO ). Higher levels of pathogens in surface water supplies -including density and variety -are expected in areas where sewage treatment is marginal or nonexistent (Geldreich ) .
Cryptosporidium and Giardia are two protozoan parasites of major concern for water utilities worldwide Water treatment at all facilities consists of coagulation and flocculation using alum and polymers, dual media filtration (anthracite coal and sand with a gravel support) and chlorine disinfection.
MATERIALS AND METHODS

Drinking water supplies
Water sample collection and processing The volumes of sample filtered were 20 and 100 L for raw water and finished water, respectively. After filtration, the water content remaining in the capsule (∼150 mL) was poured into a sterile plastic bottle. The capsule was filled with eluting solution (200 mL) and transported to the laboratory for the elution of (oo)cysts. All fractions, including the volumes of the first and second elution steps, were combined (∼450 mL) and concentrated through centrifugation (2,500 × g, 15 min) into a final volume of approximately 5 mL (finished water) and 15 mL (raw water). Although the focus of the research was end-monitoring of protozoan (oo)cysts to verify the effectiveness of the existing conventional water treatment process in preventing microbial pathogen breakthrough in the finished water, the raw water intakes of the treatment plants were sampled the same day and analyzed for Cryptosporidium and Giardia in order to estimate levels of (oo)cysts entering the drinking water plants.
Cryptosporidium and Giardia (oo)cysts were purified by immunomagnetic separation using the Dynal GC-Combo kit Company, Sydney, Australia) was used as internal calibration standard to determine the percentage recovery of (oo)cysts achieved in these samples. Naturally occurring (oo)cysts were easily identified and adjusted to the corresponding recovery efficiency in order to determine the number of (oo)cysts present in finished and raw water samples.
Microbial and physicochemical water quality data
The analysis of total coliforms and E. coli was conducted in accordance with the membrane filtration procedure 
Statistics
The data derived from the recovery efficiency experiments were analyzed using descriptive statistics (i.e., mean and standard deviation). The Pearson correlation coefficient, r, was applied to determine the extent of association between pairs of variables using SYSTAX Version 13 statistical package.
RESULTS
The results of the initial precision and recovery tests demonstrated acceptable method performance based on the mean
Cryptosporidium and Giardia (oo)cysts recoveries using method 1623 with the Envirochek HV filter. Mean percentage recoveries and relative standard deviation (RSD, mean/SD × 100) for Cryptosporidium and Giardia (n ¼ 5)
were 57% (RSD, 33%) and 45% (RSD, 39%), respectively.
Following these assays, end-product monitoring of protozoan (oo)cysts was conducted during five separate sampling events at the three conventional drinking water treatment facilities that serve the Metropolitan District of Caracas. The multiple tube fermentation technique is commonly used by water utilities in Venezuela to assess the bacteriological quality of raw and finished water based on total coliform counts. Nevertheless, inconsistencies in a The volumes of water examined for bacterial indicators, including the general fecal pollution marker, were 100-500 mL for raw water and 1,000 mL for finished water.
methodological and quality control procedures were observed during the study and therefore comparisons could not be made for indicator bacterial counts obtained with the two methods. Total coliform counts in samples of raw and finished water provided by water utilities were always reported as <2 MPN (most probable number) per 100 mL, which differed significantly from total coliform counts obtained with m-ColiBlue 24 broth in this study (Table 2 ).
The sensitivity of the molecular assay for detection of the fecal marker was not investigated, neither was the applicability of the quantitative molecular amplification method (qPCR) which is more sensitive and faster than the standard
The correlation among water quality parameters (microbial and physicochemical) and (oo)cyst (levels and occurrence) in water samples was determined using the Pearson coefficient correlation, r. A strong association between Cryptosporidium and Giardia (oo)cysts was found The results obtained from this research demonstrated that the passage of (oo)cysts from raw water to finished water occurred at two DWTPs, DWTP II and DWTP III.
These results may illustrate how the level of deterioration in source water quality (levels of (oo)cysts) influences the removal efficiency of (oo)cysts through conventional treatment processes. (Oo)cyst removals could not be efficiently accomplished by those water facilities that depended on drinking water sources highly impacted with domestic, agricultural, and industrial wastewater discharges.
Moreover, deficiencies in operational conditions might have also contributed with the passage of (oo)cysts through the conventional treatment process applied at the different water facilities. DWTP I processes raw water that originates from relatively protected surface source waters. The levels of protozoan (oo)cysts found in raw waters were the lowest among the three plants (1-2 (oo)cysts/100 L). In addition, (oo)cysts were never detected in treated water produced at this water facility. DWTP II and DWTP III receive a mixture of waters that originate from catchment areas and reservoirs directly impacted with polluted discharges. The levels of (oo)cysts found in raw waters varied between 25 and 100 per 100 L while the levels of (oo)cysts found in finished waters varied between 2 and 25 per 100 L (Table 1) . Cryptosporidium and Giardia were found at relatively similar concentrations and frequencies in both drinking water supplies; although relatively better removal of Cryptospori- The Cryptosporidium and Giardia (oo)cyst levels detected in the raw and finished water samples for DWTP II and DWTP III were translated to public health risks (Tables 3 and 4) . DWTP I had non-detects for all finished water samples, therefore estimate risk reductions were not calculated for this plant. Daily infection risks were estimated for both Cryptosporidium and Giardia using the exponential model:
where P i ¼ the probability of infection, N ¼ the number of infectious protozoa in the exposure, and 1/k refers to the fraction of Cryptosporidium oocysts and Giardia cysts that survive and are capable of initiating an infection (0.0042 and 0.0199, respectively). This model assumes a random distribution of parasites in the water and a 2 L daily exposure.
Overall, daily infection risk estimates for raw water were approximately the same for both DWTP II and DWTP III (Tables 3 and 4) . For finished water, daily infection risks ranged from 8/100,000 for Cryptosporidium to almost 1/100 for Giardia, both at DWTP II. When addressing water treatment and infection risk reduction, in most cases a one-log reduction in predicted number of infections was achieved at both plants. DWTPII actually achieved an overall higher infection risk reduction associated with both
Cryptosporidium and Giardia (oo)cysts than DWTP III. 
CONCLUSIONS
This study demonstrated that the conventional treatment process to produce finished water at two filtration plants was not effective in preventing the passage of protozoan (oo)cysts. Cryptosporidium and Giardia (oo)cysts were found in raw source waters and effluent waters of two major treatment facilities that provide water for consumption to more than two million inhabitants of the metropolitan city of Caracas. Full conventional treatment was not able to remove (oo)cysts effectively from drinking water supplies that depended on source waters highly impacted by illegal dumping and pollution discharges. In addition, the modification of plant operational practices to meet growing drinking water demands might be contributing to the passage of (oo)cysts to the finished waters. It is therefore fundamental to prevent waterborne (oo)cysts and other microbial contaminants from entering source waters and to maintain optimal treatment operations in order to ensure a safe and dependable drinking water supply.
The data of the present investigation were based on microscopic counts following procedures included in US EPA Method 1623; further genotyping of the protozoan parasites and infectivity assays are strongly necessary for accurate estimations of public health risks. The analysis of additional waterborne pathogens (e.g., viruses) in source waters may allow derivation of location-specific data required for identifying pathogen removal targets and appropriate control measures necessary to improve the water treatment process. Furthermore, the analysis of multiple microbial indicators (e.g., coliforms and E. coli, enterococci, Clostridium perfringens, coliphages, and host-specific fecal microbial markers), and waterborne pathogens is highly recommended in order to assess the performance of current and alternative surrogate indicators of pathogen removal at full-scale conventional water treatment level. The development of reliable databases on occurrence and exposure to waterborne pathogens is warranted to safeguard public health.
